Summary Bisphosphonates reduce skeletal loss and fracture risk,
Introduction
Disturbances in mineral metabolism are common in patients with chronic kidney disease (CKD) and have been classified as their own clinical entity known as CKD-Mineral and Bone Disorder (CKD-MBD) [1] . CKD-MBD begins early in the course of progressive disease, driven by secondary hyperparathyroidism, and results in altered bone remodeling, loss of bone mass, and increased risk of fracture in many patients with late stage (3-5) CKD compared to agematched non-CKD individuals [2] [3] [4] [5] . Unfortunately, there is little data on the prevention or treatment of fractures in this population, as abnormal kidney function and hyperparathyroidism is an exclusion criterion for nearly all clinical trials of osteoporotic therapies used in the general population.
Bisphosphonates have clear efficacy in reducing fracture risk in non-CKD patients [6] [7] [8] . There are no trials designed specifically to evaluate the skeletal benefits of bisphosphonates in CKD patients although secondary analyses of trials using risedronate and a large trial of alendronate [9, 10] demonstrated that patients with reduced kidney function still experience improvements in bone mineral density and fracture reduction with bisphosphonates. However, the presence of elevated creatinine or evidence of hyperparathryoidism, common features of CKD-MBD, were exclusion criteria in these studies [9, 10] . As a result, many of these participants had agerelated alterations in kidney function as older individuals with low muscle mass may have altered kidney function despite creatinine values in the normal range. Estimating equations for glomerular filtration rates (eGFR) more readily identify such individuals and were used in these published post hoc analyses. These limitations resulted in Kidney Disease Improving Global Outcomes (KDIGO) international clinical practice guidelines recommending bisphosphonate use in patients with CKD stages 1-3 and normal PTH levels, but recommended not using bisphosphonates in patients with CKD stages 3-5 with biochemical evidence hyperparathyroidism unless a bone biopsy was done prior to administration [1] .
A variety of animal models are use to study CKD, including surgically and diet induced CKD and/or genetic manipulation. While a number of skeletally targeted interventions have been tested in these models, such as phosphate binders [11, 12] and bone morphogenetic protein [13, 14] , there are limited data regarding bisphosphonates [15, 16] . Thus, there is a relative paucity of both animal and clinical data that address the efficacy of bisphosphonates on bone properties in CKD stages 3-4 with hyperparathyroidism. The goal of this study was to determine the skeletal effects of zoledronic acid treatment, including bone mass, remodeling, and mechanical properties, in a model of slowly progressive kidney disease. Specifically, this study aimed to test the hypothesis that bisphosphonates would produce skeletal biomechanical benefits in animals with CKD and that effects on remodeling suppression would be similar in normal and CKD animals.
Methods

Animal model and experimental design
Male Cy/+ rats, a Han:SPRD rat with autosomal dominant polycystic kidney disease, and their non-affected (normal) littermates were used for this study. As shown previously, male heterozygous rats (Cy/+) develop characteristics of CKD (azotemia) around 10 weeks of age and the condition progresses with age [12, [17] [18] [19] . We have found that at 20 weeks of age, the urinary creatinine clearance in the Cy/+ rats is 50 % of normal animals, and at that stage the PTH and FGF23 are twice normal, and the 1,25(OH)2D levels are half normal with no difference in blood calcium or phosphate levels. Furthermore, the kidney klotho expression is less than half of normal supporting that CKD-MBD is quite apparent at 20 weeks [12, [17] [18] [19] . The secondary hyperparathyroidism progresses with slowly progressive kidney deterioration such that at 34 weeks of age, the animals show evidence of arterial and cardiac calcification, severe osteitis fibrosa cystica, and hyperphosphatemia consistent with all manifestations of CKD-MBD [18] .
At 25 weeks of age, animals were assigned to treatment groups. In the CKD (Cy/+) animals, this age represents approximately 30 % of the kidney function of the normal littermates, and was chosen to simulate late stage 3, early stage 4 CKD, a stage at which there is elevated PTH yet normal calcium and phosphorus levels. In humans, bisphosphonates are not approved for clinical use at this level of GFR (and below) due to a lack of clinical studies. Normal animals (n015) were given a single intraperitoneal dose of saline vehicle (VEH, 0.3 ml) or zoledronic acid (ZOL, 100 μg/kg body weight). CKD animals (n025) were given a single intraperitoneal dose of VEH or ZOL (either 20 or 100 μg/kg body weight) or administered 3 % calcium gluconate in the drinking water. Both ZOL doses have been shown to be effective in preserving bone volume in ovariectomized rats when given as a single dose [20, 21] . The calcium gluconate group was used as a positive control to simulate calcium administration as a phosphate binder, which in CKD has been shown to reduce bone remodeling [22] . All animals were fed a casein diet (Purina AIN-76A; 0.53 % Ca and 0.56 % P) during the experiment to increase phosphorus availability which has been shown to produce a more consistent kidney disease in this model [18] . Two weeks prior to the end of the study, all animals were given an intraperitoneal injection of calcein (10 mg/kg body weight); a second injection was given 10 days later. At 30 weeks of age all animals were euthanized by an overdose of sodium pentobartibal. The 5-week study duration was chosen as it approximates one remodeling cycle in a rat [23] and is prior to the time when Cy/+ animals begin to become excessively sick from kidney disease complications.
At necropsy, blood and urine were collected by cardiac and bladder puncture, respectively. The paired kidneys were dissected, wet weights obtained, and then embedded in paraffin for qualitative evaluation. The right femur was wrapped in saline-soaked gauze and frozen for imaging and mechanical testing. Left tibiae were placed in 10 % neutral buffered formalin for 48 h and then changed to 70 % ethanol for histological processing. All procedures were reviewed and approved by the Indiana University School of Medicine Institutional Animal Care and Use Committee.
Computed tomography
Morphological parameters of the proximal tibia were assessed using high-resolution micro-CT (Skyscan 1172). Bones were wrapped in parafilm to prevent drying during the scanning. Scans were obtained using an X-ray source, set at 60 kV and 167 μA over an angular range of 180°(rotational steps of 0.40°) with a 12-μm pixel size. Projection images were reconstructed using standard Skyscan software (NRecon). One millimeter of the proximal tibia (located~0.5 mm from the growth plate) was analyzed by segmenting the trabecular bone from the cortical shell and calculating Trabecular bone volume per total volume (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb.N) in accordance with recommended guidelines [24] .
Femurs were scanned using peripheral quantitative computed tomography (pQCT , Norland Stratec XCT Research SA+; Stratec). Prior to scanning, the mid-diaphysis was marked and a single bone slice was imaged at that site using a scanning resolution of 0.07×0.07×0.50 mm. Bone mineral content (BMC, mg/mm), density (BMD, mg/cm 
Bone mechanics
Femora were tested via three-point bending using standard methods [25] as previously described for the rat [26] . Femora were thawed to room temperature, presoaked in 0.9 % saline, and placed posterior side down on the bottom support of a servohydraulic test system (Test Resources). All bones were loaded to failure using a displacement rate of 2 mm/min with force versus displacement data collected at 10 Hz. Structural mechanical properties were determined from the load-deformation curves using standard definitions. Material properties at both sites were calculated using standard equations, as previously described [25, 26] .
Bone histology
Tibia were embedded in methylmethacrylate as previously described [27] . The proximal tibia metaphysis was thin sectioned (4 μm) and tibia-fibula junction thick sectioned (100 μm; hand ground to~50 μm) and mounted unstained using non-fluorescent medium. Additional sections of the proximal tibia metaphysis were stained with McNeal's tetrachrome for osteoid assessment and TRAP for osteoclast assessment.
Sections were analyzed using a microscope interfaced with a semiautomatic analysis system (Bioquant OSTEO 7.20.10, Bioquant Image Analysis Co.). Each animal was assessed for presence of double label at both the proximal tibia and tibia-fibula junction. Presence of double label at either site, inside or outside the histomorphometry region of interest (ROI), suggests the two injections were properly administered. Lack of double label anywhere is interpreted to indicate either mis-injection (due to injection directly into bladder) or sufficiently low turnover rates that result in only one label to be present. All animals that could be confirmed to have been properly administered both calcein labels had single calcein-labeled surface within the cancellous ROI; in these animals we have measured and reported percent single labeled surface. Of the animals that two labels could be observed, all treated with VEH (both NL and CKD) had double label surface within the cancellous ROI, while only a subset of animals treated with ZOL had double label within the ROI. Thus MAR and BFR were considered missing data in several animals from the latter groups in accordance with recent recommendations [28] .
For trabecular bone, ROI of approximately 8 mm 2 within the secondary spongiosa (~0.5 mm from the growth plate) was defined and then measures of single-and double-label perimeter (sL.Pm, dL.Pm), total bone perimeter (B.Pm) and interlabel width (Ir.L.Wi) were conducted. Cortical bone primary measures included periosteal sL.Pm, dL.Pm, B.Pm, as well as Ir.L.Wi. Due to the paucity of label on the endocortical surfaces among all animals, parameters were not assessed on that surface. From these primary measurements, derived parameters were calculated for each surface as: mineralizing surface (MS/BS 0 [1/2sL.Pm + dL.Pm]/B.Pm; %), mineral apposition rate (MAR 0 Ir.l.W/ days between labels; μm/day), and bone formation rate (BFR/BS 0 MAR×MS/BS×3.65; μm 3 /μm 2 /year). Osteoid thickness was assessed on the endocortical surface at a location approximately 2 mm below the distal edge of the growth plate on longitudinal sections. This location was chosen at it consistently showed osteoid in all animals. Traditional measures of osteoid surface and volume were not undertaken as such data would not be expected to provide additional information beyond that from the dynamic measurements. Osteoclast surface per bone surface was assessed in a similar ROI as described above for dynamic properties. All parameters were measured and calculated in accordance with recommended standards [29] . Biochemistry Serum calcium, phosphorus and blood urea nitrogen, and urine microalbumin, and creatinine were determined using colorimetric assay kits (Pointe Scientific, Canton, MI, or Sigma, St. Louis, MO). Serum intact PTH was determined by ELISA (Alpco, SalemNH). Serum FGF23 was measured by ELISA kits (Immunotopics, San Clemente, CA) according to the manufacturer's instruction.
Statistics
All analyses were run using SAS software. All data were compared using a one-way ANOVA with Fisher's LSD posthoc tests when appropriate. A p value of ≤0.05 was used to determine statistical significance. Data are presented as mean and standard error.
Results
Animal characteristics and biochemistry
There was no significant difference among groups for body weight at the end of the experiment (Table 1) . Kidney weight was significantly higher in the four CKD groups compared to normal VEH-treated animals due to the cystic kidney growth with no effect of ZOL. Serum calcium and phosphorus were not different among the groups. PTH and FGF23 were significantly higher in VEH-treated CKD compared to those in VEH-treated normal rats. The low dose ZOL had no significant effect on the PTH or FGF23, whereas there was a modest decline in PTH but not FGF23 in the high dose ZOL group. There was a marked suppression of PTH and rise in FGF23 in the calcium treatment group compared to VEH-treated CKD. Similar to humans with CKD, there is known variability of PTH in this animal model as evident by the wide range in PTH values. BUN was significantly higher in all CKD groups compared to normal VEH-treated groups again with no effect of ZOL treatment in either genotype or Ca treatment in the CKD genotype. Microalbumin was significantly elevated in the CKD animals compared to normals. It was also higher in the high dose ZOL group compared to CKD-VEH. This latter effect was influenced by two animals which had urinary albumin/creatinine ratios of ug/mg. Qualitative histological analyses of the kidneys (blinded review by V.G.) from these two animals did not reveal any differences from the other high dose ZOL animals nor any vehicle-treated CKD animals.
Proximal tibia trabecular bone morphology and remodeling Trabecular bone volume and trabecular number was significantly higher in CKD animals treated with ZOL or Ca compared to both normal-VEH and CKD-VEH animals ( Table 2 , Fig. 1 ). There was no significant difference between the two ZOL doses or between ZOL and Ca groups.
All animals that confirmed to have been properly administered both calcein labels had single calcein-labeled surface within the cancellous ROI. All VEH-treated animals (both NL and CKD) had double label surface within the cancellous ROI while only a subset of animals treated with ZOL had double label within the ROI. Compared to normal VEH animals, CKD-VEH animals had significantly higher MS/BS (+48 %; Fig. 1 ), MAR, and BFR. The low dose ZOL resulted in significantly lower MS/BS compared to both VEH-treated CKD (−84 %) and VEH-treated normal (−76 %); the high dose ZOL also had lower MS/BS (−88 % versus CKD and −83 % versus normal). Calcium gluconate treatment resulted in lower MS/BS (−70 % versus CKD and −57 % versus normal). There was no significant difference in MS/BS between the two ZOL doses, or between either dose of ZOL and Ca treatments. High dose ZOL resulted in lower MS/BS (−92 %) in normal animals compared to their VEH-treated controls. Percent single labeled surfaced revealed effects of ZOL consistent with MS/BS. Osteoid thickness was not significantly different between vehicle treated groups; ZOL and Ca each significantly reduced thickness in CKD animals compared to the VEH controls. Osteoclast surface was nonsignificantly higher (+150 %) in CKD-VEH compared to normal.
There were no significant differences among groups for dynamic bone formation properties on the periosteal surface of the tibia-fibula junction.
Cortical density, geometry, mechanical properties, and bone formation Femoral diaphysis structural mechanical properties were significantly altered by CKD (Table 3 , Fig. 2 ). Vehicletreated CKD animals had significantly lower ultimate load (−28 %), stiffness (−17 %) and energy to fracture (−46 %) compared to normal VEH-treated animals. Low and high dose ZOL in CKD animals each produced intermediate structural mechanical properties, with ultimate load and energy to fracture values between normal-and CKD-VEH groups. Ca treatment of CKD animals resulted in ultimate load and energy absorption values significantly higher than CKD-VEH and similar to normal vehicle.
Mid-femoral cortical BMC (−8 %), bone area (−9 %), and bone diameter (−10 %) were all significantly lower in CKD-VEH animals compared to normal VEH animals. These properties were normalized by all three treatments in CKD animals.
Material-level biomechanical properties were adversely affected by CKD. Vehicle-treated CKD animals had significantly lower ultimate stress (−20 %) and toughness (−47 %) compared to normal VEH-treated animals. Modulus, the material stiffness, was not significantly different among the groups. Low dose ZOL and high dose ZOL treatment in CKD animals resulted in intermediate toughness values between normal-and CKD-VEH groups. Ca treatment resulted in ultimate stress values that were significantly higher than CKD-VEH and not different from normal animals.
Discussion
The current study demonstrates two important finding regarding bisphosphonates in the setting of CKD. First, CKD animals treated with zoledronic acid experience levels of remodeling suppression similar to those of non-CKD animals and similar to calcium ingestion. Second, we show a significant mechanical benefit of zoledronic acid in CKD animals.
Using dynamic histomorphometry, we show that animals with progressive CKD and an elevated trabecular bone remodeling rate experience zoledronic acid-induced remodeling suppression that is comparable to animals with normal kidney function (−88 % and 92 %, respectively). Despite these significant levels of suppression, some remodeling still exists in the trabecular bone of the proximal tibia. These data are consistent with previous work using pamidronate in a model of adenineinduced CKD [16] and suggests that in situations of high turnover CKD disease bisphosphonates are not associated with adynamic bone disease. In this context it is important to differentiate low bone remodeling from adynamic bone disease. Historically the term adynamic bone disease, along with aplastic bone disease (defined as the inability to form bone), was used to describe the histological phenotype of patients with aluminum toxicity in which there was no formation (and few to no cells) on trabecular surfaces [30] [31] [32] [33] . More recent work has shown patients with various conditions, including CKD, which meet this definition of adynamic/aplastic bone disease, as they have no cellular activity. A number of papers in the nephrology literature define and use the term adynamic bone disease to mean low (not absent) bone remodeling [34, 35] . This can cause confusion, as most individuals on antiremodeling treatment such as bisphosphonates, in patients without CKD, would thus be classified as having adynamic bone disease given that bisphosphonates suppress remodeling by 70-90 % compared to controls. The remodeling suppression by bisphosphonates in post-menopausal women is not generally considered to be adynamic bone disease [36] . Thus our data, as well as others [16] , show that bisphosphonate treatment results in low remodeling, but not adynamic bone, in the setting of high-turnover CKD given that bone cells are present and functional (Fig. 3) . Given the number of animals in which double labels were not observed (even in VEH animals) the sample size of these analyses were low and thus future work is warranted to confirm the lack of adynamic bone in this animal model. Certainly, it is necessary to determine if these levels of remodeling suppression are stable with longer duration treatment (using multiple doses of ZOL) and if these results are applicable to situations where bone remodeling is low (such as occurs in some CKD patients) prior to bisphosphonate treatment. It is also important to note that recent associations between potent remodeling suppression and rare side effects such as osteonecrosis of the jaw and atypical femoral fractures raise questions about the long-term safety of very low remodeling rates, even if adynamic bone is not present. There are limited histomorphometry data from humans with compromised kidney function describing bisphosphonate effects. In one study, patients having undergone renal transplantation were treated with pamidronate, calcitriol and calcium carbonate or calcitriol and calcium carbonate alone [37] . Pre-transplantation and 6 month post-biopsies of the iliac crest were taken. The authors concluded that all patients treated with pamidronate developed adynamic disease although three of the six patients had measurable activation frequency, all had measurable osteoid, and five of the six patients had measurable osteoclast surface. Of the eight patients not treated with pamidronate, five of seven patients had measurable activation frequency, all had measurable osteoid, and only 50 % had measurable osteoclasts. Thus, with the presence of cellular activity, others would not have concluded that adynamic bone was induced but rather than bone remodeling was lowered. These results highlight the need for consensus as to the definition of adynamic bone disease and an understanding of the clinical consequences of suppression of remodeling (as seen in our study and in humans without CKD treated with bisphosphonates) compared to the consequences of low remodeling and acellular bone. More importantly, they highlight that the effects of bisphosphonates on dynamic properties necessitate much more research to understand the cellular changes to bone surfaces.
Our model of CKD represents a high-turnover disease, illustrated by both high dynamic bone turnover rate and the trend toward higher osteoclast surface (+150 %) in untreated CKD animals compared to normals. Higher osteoclast surface is consistent with higher TRAP gene expression in femora of CKD animals compared to normals [12] . Also consistent with previous literature, although counterintuitive, is that treatment with ZOL was associated with higher osteoclast surface compared to untreated animals. As bisphosphonate treatment renders osteoclasts inactive, it is not uncommon to find equal or even higher amounts of osteoclast surface compared to untreated controls [38, 39] . Bisphosphonate-induced increases in osteoclast surface have also been shown in other CKD models [16] . Bisphosphonates are excreted unmetabolized by the kidney and have been shown to have adverse effects on the kidney tissue including acute tubular necrosis and glomerular changes (summarized in [40] ). This has led to concern that patients with decreased renal function could experience renal toxicity, as the drugs would remain in the system for longer periods of time and therefore circulate through the kidney for longer and at higher concentrations. Two animals treated with high dose ZOL had microalbumin/creatine ratios >100 μg/mg although the review of kidney pathology did not reveal any evidence of acute tubular necrosis or changes in glomerular pathology compared to the other animals in this same group. There was no difference in kidney function (BUN) or kidney size in those CKD or normal animals treated with ZOL versus VEH. We cannot exclude the possibility that repeat dosing over longer duration treatment could produce more dramatic kidney effects, although the doses used in the current study were significantly higher than what would be used clinically and nearly all reports of bisphosphonate renal toxicity were acute changes. Nonetheless, future studies in humans should clearly evaluate this potential adverse effect.
CKD patients have an increased risk of fracture compared to an age-matched population [3] [4] [5] . Our animal Overall ANOVA p values were significant for all variables (a, p00.0035; b, p00.0096; c, p00.019; d, p00.0032). CKD chronic kidney disease, ZOL zoledronate. p<0.05 versus normal-vehicle (#) and CKD-vehicle (*) model of progressive CKD is consistent with this clinical observation as we show a clear and significant mechanical phenotype. Vehicle-treated CKD animals had significantly lower bone strength (ultimate load), stiffness, and energy absorption (energy to fracture) of the femoral diaphysis compared to normal animals. In general, reductions in both ultimate load and energy absorption are consistent with more easily fractured bone [25] . Whole bone mechanical properties are determined by several factors including the amount of bone, its distribution, and its material properties (properties of the tissue independent of amount) [25, 41] . pQCT analyses of the cortical diaphysis revealed that CKD animals have smaller bones (lower BMC, bone area, diameter, thickness, CSMI) compared to normal animals. These differences, which could be due to a number of factors including alterations in normal growth, do not completely explain the structural phenotype as calculation of the material-level biomechanical properties show that both ultimate stress and toughness are significantly lower in CKD animals compared to normal. This points to a deficit in the material properties within the bone as the predominant mechanism of the reduced mechanical properties in CKD. Deficits in material-level properties shown here are in line with recent work in a separate animal model of CKD [42] which quantified differences in collagen cross linking of CKD animals compared to normal. Interestingly, collagen cross-linking changes have the most dramatic effects on bone toughness [43, 44] , a parameter that was significantly affected in our model.
Treatment with zoledronic acid in our CKD model resulted in a mechanical phenotype intermediate to normal and CKD vehicle animals. At the lower dose of zoledronic acid, energy to fracture, a structural mechanical property, was not significantly higher than CKD-vehicle animals, but it was also not significantly lower than normal vehicle animals. Previous work with pamidronate presented limited mechanical data yet showed nonsignificantly higher ultimate load compared to non-treated animals [16] . Material-level toughness remained significantly lower than normal vehicle animals. The pattern of mechanical properties was similar with the higher dose of zoledronic acid with the exception of toughness, which was also not significantly higher than CKD-vehicle animals nor significantly lower than normal vehicle. The benefits to whole bone mechanical properties with zoledronic acid appear to be driven by both improvements in the bone structure and material properties. The mechanisms underlying improvements in material properties are not entirely clear as the majority of data on bisphosphonate treatment and collagen cross-linking would suggest an increase in cross-links [45, 46] , which would tend to reduce toughness, not improve toughness as is noted in this study. Despite additional work being needed to understand the mechanism underlying the finding, our results clearly depict a positive trajectory for the mechanical profile of CKD-affected bone with zoledronic acid treatment.
In contrast to the acute hypocalcemic effects of bisphosphonates in patients with normal kidney function, no hypocalcemia was noted in the current study. There was a modest but significant decrease in the PTH with the high dose zoledronic acid treatment that is not readily explained, as there was no difference in calcium, phosphorus, or FGF23 in this treatment groups. In contrast, the animals treated with calcium gluconate had a more marked suppression in PTH and an increase in FGF23. The latter is presumably due to a decrease in 1,25 (OH) 2 D levels, but we were unable to measure levels in the current study to confirm/refute this hypothesis. However, 1,25 (OH) 2 D levels were very low in this model at 20 weeks [9] , and thus would be expected to be very low in the current study as well. We cannot rule out a direct effect of calcium on FGF23 secretion. Taken together, zoledronic acid had very little effect on biochemical parameters of CKD-MBD whereas calcium gluconate decreased PTH and increased FGF23. Images were chosen from an animal in each of these two groups that lacked double label. The presence of osteoid and active osteoblasts (arrows), based on the cuboidal nature of the cells atop the osteoid, in animals that lack double label supports the conclusions that these animals do not have adynamic bone disease. Scale bar 0 100 μm CKD animals treated with calcium gluconate had both structural and material biomechanical properties that were comparable to vehicle-treated normal animals. As the amount of bone remodeling suppression was similar in both ZOL-and Ca-treated CKD groups, this suggests that the benefits to biomechanical properties were independent of bone remodeling. Of the data we collected the one factor that potentially explains this result is serum PTH, as values in Ca-treated animals were 80 % lower than those in ZOLtreated animals and comparable to those of normal animals. This leads us to speculate that levels of serum PTH affect bone mechanical properties independent of effects on remodeling. Alternatively, there may be specific effects of calcium gluconate on bone mechanical properties that we are not able to directly tease out without a normal group treated with calcium. Previous studies in this animal model have demonstrated that the administration of calcium gluconate leads to cardiac and aorta calcification [47] , limiting the safety of calcium as a therapeutic treatment. In contrast, in animal models [15] , and in a small study in dialysis patients [48] , bisphosphonates reduce vascular calcification.
As noted throughout, there are limitations to our study design that need to be kept in mind. Our study assessed properties after 5 weeks, equivalent to one remodeling cycle in a rat. This would translate to roughly 4-6 months in the human and therefore the conclusions of the current work cannot speak to long-term safety for either bone or kidney. Our animal model is also one of high turnover disease. Whether or not the results shown here would be similar in a low turnover CKD setting are unclear. Sample sizes for some analyses (histomorphometry, mechanical testing) were low and thus, despite statistical significance for many of them, future work will be necessary to confirm these outcomes in a larger sample set. Finally, although rats are the accepted FDA rodent model for anti-osteoporotic drug development and have shown results with bisphosphonates that have translated to humans, rats have continual longitudinal bone growth that could influence the results of this study.
Bisphosphonates are highly effective in reducing bone skeletal deterioration in non-CKD patients yet their use in CKD patients has been limited. In secondary analyses of post-menopausal osteoporosis patients, there was an improvement in bone mineral density and a reduction of fractures in patients with CKD stages 3 and 4 treated with bisphosphonates. As the patients in these studies had agerelated decline in kidney disease (with normal PTH levels) [9, 10] the results may not be generalizable to those with CKD-MBD. Extrapolating the results from our current study would suggest a potential for efficacy of bisphosphonates in those with intrinsic disease (stage 3-4 CKD with elevated PTH). However, this must be tested in prospective human clinical fracture prevention trials so that long term risk to bone (such as atypical fractures) and kidney function can be assessed. In addition, bisphosphonates must be tested in CKD patients with low PTH and presumed low turnover disease at baseline. Such trials with bisphosphonates are not beyond possibility, as demonstrated by a recent study in which stage 3-4 CKD patents were treated for 18 months with alendronate in a clinical trial focused on vascular calcification [49] .
In conclusion, we have documented that zoledronic acid produces similar amounts of remodeling suppression in the setting of high bone turnover chronic kidney disease as it does in conditions of normal kidney function. Furthermore, we show a clear mechanical phenotype in untreated animals with CKD that can be partially attenuated with a single dose of zoledronic acid or with calcium gluconate treatment, although the mechanisms appear to differ.
